The mechanism underlying the protective effect of sphingosine kinase 1 (SphK1) in inflammatory injury is not clear. We demonstrated using SphK1-null mice (SphK1 
Lipopolysaccharide (LPS) 3 -induced acute lung injury is characterized by increased lung vascular permeability and edema formation with profound tissue damage (1) . LPS triggers the local activation of macrophages and neutrophils in the lung interstitium and airways, which release inflammatory cytokines and chemokines, tumor necrosis factor-␣, and MIP-2 (macrophage inflammatory protein-2) (2) . These mediators in turn promote neutrophil sequestration by activating endothelial cell adhesion molecule expression (such as ICAM-1) and induce neutrophil transmigration into the interstitium and airspace, where neutrophils propagate inflammation through the release of reactive oxygen species (ROS) (3) . NADPH oxidase-mediated ROS production thus has a pivotal role in mediating increased endothelial permeability and tissue injury (4) . Sphingosine 1-phosphate (S1P), the product of sphingosine kinase (SphK)-mediated phosphorylation of sphingosine, has been shown to enhance the vascular endothelial barrier through binding of S1P to endothelial differentiation gene family receptors (5, 6) . SphK is the major kinase that phosphorylates sphingosine to generate S1P, and two isoforms of SphK have been identified, SphK1 and SphK2 (7) . SphK1 is the predominant isoform responsible for the presence of S1P in the circulation (8) . SphK1 is believed to act through S1P to modulate LPS-induced activation of MAPK proteins, phosphoinositide 3-kinase, and NF-B in macrophages and inflammatory cascade in neutrophils (9 -11) . However, there is a controversy whether generation of S1P and high circulating concentration of S1P after sepsis can alone account for the endothelial barrier protective and anti-inflammatory effects of SIP (12, 13) . This controversy arises in part because the G protein-coupled endothelial differentiation receptors are expected to be fully saturated at the high ambient circulating levels of SIP (13) . In this study, we demonstrated that SphK1 can function independently of S1P to modulate LPS-induced lung inflammatory injury. We found that SphK1 prevented the LPS-induced neutrophil-endothelial adhesive interaction, neutrophil transmigration, and lung inflammatory injury through a reduction of JNK activation, thus preventing NADPH oxidase activation.
We used LPS in these studies to induce tissue inflammation because it has been shown to activate the MAPK JNK pathway (14 -16) . Inhibition of JNK decreased the severity of LPS-induced pulmonary neutrophil influx and inflammation (15) . Our data show SphK1 can prevent LPS-induced JNK activation and JNK-mediated NADPH oxidase activation through blocking JNK interaction with the JNK-interacting protein 3 (JIP3). These observations identify a novel SphK1-mediated innate immune mechanism that may provide a crucial therapeutic target against inflammation and injury.
EXPERIMENTAL PROCEDURES
Mice, Cell Cultures, and Reagents-C57 black 6 (C57BL6) mice were obtained from Charles River Laboratory. SphK1 Ϫ/Ϫ mice were a gift from Dr. Richard L. Proia (NIDDK, National Institutes of Health, Bethesda). SphK1 Ϫ/Ϫ mice were backcrossed with C57BL6 mice for five generations to eliminate any background effects on the observed phenotypes. SphK1 Ϫ/Ϫ and wild-type (WT) littermates were used in this study. All mice were housed in the University of Illinois Animal Care Facility in accordance with institutional and National Institutes of Health guidelines. Mouse neutrophils were isolated from murine bone marrow using Percoll density gradients as described previously (17) . Neutrophil purity and viability as assessed by trypan blue staining were Ͼ95%. Mouse lung vascular endothelial cells (MLVEC) were isolated from WT and SphK1 Ϫ/Ϫ mice as described previously (18) . LPS from Escherichia coli 0111:B4 purchased from Sigma was used for all in vivo experiments. SKI, SP600125, and U0126 were purchased from Calbiochem.
SphK1 cDNA was purchased from OpenBiosystems. Anti-SphK1 antibodies were purchased from Abgent and EMD. Anti-p-JNK, p-p38, and p-ERK antibodies were purchased from Cell Signaling. JNK protein was purchased from Millipore.
Determination of Lung Microvascular Permeability and Edema
Formation-Microvascular liquid permeability and edema formation were quantified by measuring capillary filtration coefficient (K f,c ) and final lung wet-to-dry weight ratios, respectively. As described previously (18), mice were anesthetized with an intraperitoneal injection of ketamine (60 mg/kg), xylazine (2.5 mg/kg), and acepromazine (2.5 mg/kg) under an approved institutional animal protocol. The trachea was cannulated with a stainless steel tube for constant positive pressure ventilation (120 breaths/min). Heparin (50 units) was administered via the right internal jugular vein to prevent blood clotting. A thoracotomy was performed to expose the heart and lungs. An incision was made in the right ventricle for insertion of a pulmonary arterial catheter (polyethylene). The cannula was secured with suture around the pulmonary artery and aorta. The lungs were perfused via a peristaltic pump with modified Krebs-Henseleit solution and supplemented with 5 g/100 ml of bovine serum albumin (fraction V, 99% pure and endotoxin free; Sigma). The heart and lungs were rapidly excised and transferred en bloc to a perfusion device. Ϫ/Ϫ group compared with WT after LPS challenge. Results are mean of five independent experiments; bars indicate means Ϯ S.E. B, time-dependent changes of pulmonary edema formation as measured by increase in wet weight of lungs of mice treated same as above. Lung wet weight was determined at the times indicated. *, increase (p Ͻ 0.05) in lung wet weight from basal value; **, increased (p Ͻ 0.05) lung wet weight in SphK1 Ϫ/Ϫ group compared with WT after LPS challenge. Results are mean of 5 independent experiments; bars indicate means Ϯ S.E. con, control. C, survival in mice after LPS (30 mg/kg, intraperitoneal) in WT and SphK1 Ϫ/Ϫ mice (n ϭ 20 each). Differences in mortality were assessed by log-rank test (p Ͻ 0.05). Lung wet weight was monitored with an electronic beam balance and vascular pressures with transducers. The isolated lungs were then ventilated (120 breaths/min) and perfused at constant flow (2 ml/min), temperature (37°C), and venous pressure (ϩ2 cm H 2 O).
Lung Tissue Myeloperoxidase (MPO) Activity-Lung tissue MPO activity was measured as described previously (18) . Briefly, lungs were homogenized in 1 ml of phosphate-buffered saline, pH 6, with 5% hexadecyltrimethylammonium bromide and 5 mM EDTA. The homogenates were sonicated, centrifuged at 40,000 ϫ g for 20 min, and run through two freezethaw cycles. The samples were homogenized and centrifuged a second time. The supernatant was then collected and mixed 1:30 (v/v) with assay buffer (0.2 mg/ml o-dianisidine hydrochloride and 0.0005% H 2 O 2 ). Absorbance change was measured at 460 nm for 3 min, and MPO activity was calculated as the change in absorbance over time. Neutrophil sequestration was quantified as MPO activity normalized by the final dry lung weight.
Measurement of S1P Concentration-S1P levels were measured in lungs and plasma of SphK1 Ϫ/Ϫ and wild-type mice as described previously (19) . Briefly, mice were injected with LPS intraperitoneally, and their lungs were collected at various time points following injection. S1P content was determined by liquid chromatography/ tandem mass spectrometry with electrospray ionization using API 4000 Q-trap mass spectrometer equipped with turbo-V ion source. C17-S1P was used as an internal standard.
Measurement of ROS Production-Neutrophils in the presence or absence of LPS at 5 ϫ 10 6 cells/ml were added to cultured MLVEC isolated from WT and SphK1 Ϫ/Ϫ mice. In some groups, MLVEC were pretreated with various inhibitors as indicated in the figures and text. ROS generation in co-cultured medium was measured using luminol-enhanced chemiluminescence as described previously (20) . Briefly, luminol was added to the co-culture medium to a final concentration of 50 M, and horseradish peroxidase was added to a final concentration of 40 units/ml. ROS production was determined after cells were stimulated with LPS for the indicated times. The relative concentration of ROS in the culture medium was expressed as counts/s.
Immunoprecipitation and Immunoblotting-Activation of JNK, ERK, and p38 was assessed using antibodies that recognize the phosphorylated forms of JNK, ERK, and p38, and antibodies against nonphosphorylated JNK, ERK, and p38 were used to assess protein loading. Activation of p47 Phox was assessed using antibodies that recognize p47
Phox phosphorylation at Ser-473, and an antibody against nonphosphorylated p47
Phox was used to assess protein loading. Associations of proteins with other proteins were studied using a soluble and enriched membrane fraction. After homogenization of tissue in phosphate-buffered saline (containing 1% protease inhibitors), the samples were centrifuged for 15 min at 14,000 ϫ g. The pellets were sonicated two times for 12 s in lysis buffer containing 100 mM Tris-HCl, pH 7.5, 1% Nonidet P-40, 5 mM EDTA, 5 mM EGTA, 150 mM NaCl, to which a protease inhibitor mixture (Sigma) was added. After centrifugation again for 15 min at 14,000 ϫ g, the supernatants of enriched membrane fraction were collected for immunoprecipitation. Equal amounts of protein (200 g/ml total protein) in supernatants were precleared using purified IgG followed by protein A-Sepharose beads. The precleared supernatants were recovered by centrifugation and incubated overnight at 4°C with primary antibodies, followed by incubations with protein A-Sepharose beads for 2 h. The beads were collected by centrifugation (10,000 ϫ g, 5 min using an Eppendorf refrigerated microcentrifuge at 4°C), washed extensively (5 ϫ 10 min), solubilized, and run on 4 -20% SDS-PAGE. After transfer to nitro- cellulose, the membrane was then incubated with antibodies against proteins interested at 4°C. After washing, horseradish peroxidase-coupled secondary antibodies were then used to probe the membranes. The membranes were developed as described in the manufacturer's instructions.
Measurement of SphK Activity-Lungs were isolated 6 h after injection of SKI (50 mg/kg, intraperitoneal) and LPS (10 mg/kg, intraperitoneal) and were homogenized at 4°C in buffer, including 20 mM Tris-HCl, pH 7.5, 20% glycerol, 1 mM ␤-mercaptoethanol, 1 mM EDTA, 1 mM EGTA, 1 mM Na 3 VO 4 , 15 mM NaF, 0.5 mM 4-deoxypyridixine, 40 mM glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, and proteinase inhibitor. Insoluble material was removed by centrifugation at 15,000 rpm for 30 min. Protein concentration was measured, and 20 g was used to analyze the SphK activity in a reaction that was performed at 37°C in solution containing 20 M sphingosine, 5 mM MgCl 2 , 500 M ATP (10 Ci of 32 P). Sphingosine kinase 1 (0.5 g) was further added in the positive control group. The reaction was terminate by adding 1 l of 6 N HCl. The sample were centrifuged and applied to a silica gel TLC plate. TLC plates were developed in solution (butanol/ethanol/acetic acid/water ϭ 80:20:10:20), air-dried, and visualized by autoradiography.
Liposome-mediated Gene Transfer in Mice-The mouse SphK1 gene was cloned from the recently cloned murine SphK1 cDNA. The PCR products were digested and subcloned into the pEGFP-C1 vector for transfection. The SphK1 dominant-negative mutant (G82D), which has been shown to block SphK1 activity and its functions (21) , was generated by site-directed mutagenesis with the QuikChange mutagenesis kit (Stratagene), as directed by the manufacturer. All constructs were confirmed by DNA sequencing. Cell transfection was performed using commercially available transfection reagents and machinery (Amaxa). For in vivo studies, the expression plasmid was delivered using liposome-mediated gene transfer system as described previously (22) . The complex consisting of SphK1 activity expression plasmid or the mutant plasmid and the liposomes were injected into the retro-orbital venous plexus.
Statistical Analysis-Statistical comparisons were made using twotailed Student's t test. Experimental values were reported as the means Ϯ S.E. Differences in mean values were considered significant at p Ͻ 0.05.
RESULTS

SphK1 Suppresses LPS-induced
Lung Inflammatory Injury-Using the LPS-induced lung inflammatory injury model, we first determined the role of SphK1. K f,c and lung wet weight gain were measured to assess lung vascular permeability and edema formation, respectively. Injection of LPS (intraperitoneal) led to a significant increase of lung vascular permeability and edema formation in WT mice compared with basal condition (Fig. 1, A  and B) . Strikingly, these increases were augmented greater than 2-fold in the SphK1 Ϫ/Ϫ mice (Fig. 1, A and B) , indicating that SphK1 has a protective role in preventing lung vascular hyperpermeability and edema formation in response to LPS. LPSchallenged SphK1 Ϫ/Ϫ mice also had decreased survival rate compared with LPS-challenged WT mice (p ϭ 0.03, log-rank test; see Fig. 1C ).
Lung inflammatory injury induced by LPS is characterized by rapid sequestration of neutrophils in response to inflammatory chemokines and cytokines released in the lungs (1). Hence, we determined whether there was also an augmented release of chemokines and cytokines in lungs of SphK1 Ϫ/Ϫ mice compared with WT. We observed that concentrations of two chemokines, MIP-2 and MIP-1␣, were indeed significantly greater in bronchoalveolar lavage fluid of SphK1 Ϫ/Ϫ mice after LPS stimulation compared with WT (Fig. 2, A and B) . We also observed increased release of two cytokines, tumor necrosis factor-␣ and interleukin-6, in bronchoalveolar lavage fluid of SphK1 Ϫ/Ϫ mice compared with WT (Fig. 2, C and D) . We next examined LPS-induced changes in lung tissue MPO activity, used as a marker for neutrophil sequestration (23, 24) . Ϫ/Ϫ mice. Plasma, lungs, and neutrophils were isolated from WT or SphK1 Ϫ/Ϫ mice challenged with or without LPS challenge (10 mg/kg, intraperitoneal) for the indicated times. D, total RNA was isolated from lungs, using TRIzol reagent (Invitrogen), and then treated with DNase. Total RNA (2 g) was reverse-transcribed using a SuperScript preamplification kit (Invitrogen). Reverse transcription-PCR profile was compared with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The experiment was repeated three times. Results are mean of four independent experiments. Bars indicate mean Ϯ S.E. KO, knock-out; PMN, polymorphonuclear leukocytes; ND, not detectable.
Although basal MPO activity in SphK1
Ϫ/Ϫ lungs was the same as in WT, LPS induced a significantly greater MPO activity in SphK1 Ϫ/Ϫ mouse lungs than in WT (Fig. 2E ). There was also consistently greater LPS-induced neutrophil recruitment into the airspace in SphK1 Ϫ/Ϫ mice compared with WT (Fig. 2F ). SphK1 Suppresses Neutrophil Adhesion to Endothelial Cells and Neutrophil Transmigration-To determine the function of SphK1 in regulating neutrophil-endothelial interaction, we studied neutrophil adhesion to cultured endothelial cells and the transmigration of neutrophils. Neutrophil transendothelial migration was analyzed using the Transwell assay with chambers separated by a monolayer of cultured WT or SphK1
MLVEC. We applied LPS-primed WT or SphK1 Ϫ/Ϫ neutrophils to the upper chamber and the chemoattractant fMLP to the lower chamber, and we determined the rate of cells migrating across the endothelial barrier after 4 h of incubation. Transendothelial migration of WT neutrophils across WT MLVEC was 4-fold greater after fMLP stimulation compared with only LPS activation of neutrophils. In contrast, neutrophils had greater migration across SphK1 Ϫ/Ϫ MLVEC in response to fMLP compared with the migration of WT neutrophils across WT MLVEC (Fig. 3A) . The increased neutrophil transmigration across SphK1 Ϫ/Ϫ MLVEC was coupled to increased neutrophil adhesion to endothelial cells (Fig. 3B) . Thus, SphK1 expression in endothelial cells played a fundamental role in mediating neutrophil-endothelial adhesion and transendothelial neutrophil migration.
Neutrophil adhesion to endothelial cells is mediated through ␤2 integrins on neutrophils that interact with ICAM-1 on the endothelial cell surface (25) (26) (27) . We found the LPS-induced expression of ICAM-1 was greater in SphK1 Ϫ/Ϫ MLVEC compared with WT (Fig. 3C , p Ͻ 0.05). Increased neutrophil adhesion to the endothelium also induces augmented release of reactive oxygen species from both neutrophils and endothelial cells (3, 28 -30) . We observed LPS-induced oxidant production was greater with WT neutrophils adherent to SphK1 Ϫ/Ϫ endothelial cells compared with WT neutrophils adherent to WT endothelial cells (Fig. 3D) . Taken together, deletion of SphK1 caused greater chemokine production and oxidant production as well as ICAM-1 expression in endothelial cells, which contributed to the significantly greater lung neutrophil sequestration in SphK1 Ϫ/Ϫ lungs compared with WT.
SphK1 Deficiency Has Little Effect on S1P Production in
Response to LPS-SphK1 has been identified as the predominant kinase isoform generating S1P that functions through S1P receptors to down-regulate the inflammatory signaling cascade and lymphocyte trafficking (7, 8) . Here, we addressed the effects of SphK1 deficiency in mice. We first examined changes in S1P concentrations in response to LPS. We noted that basal S1P concentrations in plasma and lungs were lower in SphK1 mice compared with WT (Fig. 4, A and B) , indicating the SphK1 is required to maintain the constitutive S1P plasma concentration (31) . Basal concentrations of S1P in WT and knock-out neutrophils, however, were not significantly different (Fig. 4C) . Surprisingly, LPS stimulation did not significantly increase S1P concentrations in plasma, lungs, and neutrophils in both WT and SphK1 Ϫ/Ϫ mice (Fig. 4, A-C) , whereas LPS markedly increased SphK1 gene expression in WT lungs (Fig. 4D) . Thus, although LPS induced SphK1 expression, the S1P concentration was not significantly increased in response to LPS.
Inhibition of SphK Activity Does Not Recapitulate the Phenotype Seen in SphK1
Ϫ/Ϫ Mice-To address whether the phenotype of SphK1 Ϫ/Ϫ mice described above can be mimicked by pharmacological inhibition of SphK1 activity, we used the selective SphK inhibitor SKI (32) to study neutrophil-endothelial interactions. In contrast to enhanced neutrophil adhesion to endothelial cells from SphK1 Ϫ/Ϫ mice, blocking SphK activity with SKI failed to increase neutrophil adhesion to endothelial cells (Fig. 5A) . Similar results were obtained on measuring endothelial adhesion-dependent neutrophil oxidant production, i.e. LPS-induced ROS production did not increase in neutrophils adherent to SKI-treated endothelial cells compared with control (no drug treatment) endothelial cells (Fig. 5B) . Injection of SKI (intraperitoneal) in WT mice also had no significant effect on LPS-induced lung neutrophil sequestration compared with SphK1 Ϫ/Ϫ mice (Fig. 5C) . Injection of SKI (50 mg/kg, intraperitoneal) was effective, however, in blocking SphK activity (Fig.  5D) . Thus, inhibition of SphK activity in WT endothelial cells and in mice did not recapitulate the phenotype seen in SphK1 Ϫ/Ϫ mice of augmented neutrophil adhesion to endothelial cells, greater neutrophil oxidant production, and increased lung neutrophil sequestration.
To address whether SphK1 is sufficient to mediate the down-regulation of lung inflammation and injury induced by LPS, we next carried out an in vivo experiment in which the mice were administered a dominant-negative mutant (G82D) plasmid of SphK1 using the liposome method (33) . In WT and SphK1 Ϫ/Ϫ mice challenged with LPS 46 h after mutant SphK1 plasmid administration, we observed a significant reduction in lung vascular permeability in the mutant SphK1 plasmid-expressing SphK1 Ϫ/Ϫ mice compared with vector plasmid-treated SphK1 Ϫ/Ϫ controls (Fig. 5E ). These results show that SphK1 is indispensable for the downregulation of neutrophil-endothelial interaction and lung vascular hyperpermeability induced by LPS.
SphK1 Functions by Suppressing LPS-induced JNK Activation
and JNK Association with JIP3-To address the SphK-dependent mechanism preventing LPS-induced lung inflammation, we focused on MAPKs known to be activated during LPS-induced acute lung injury (34) . Studies have also shown the critical role of Sphk1 in mediating LPS-induced MAPK activation in macrophages (9) . Thus, we addressed the possibility that SphK1 deletion interferes with the MAPK pathway upon LPS stimulation. We observed that loss of function of SphK1 has no effect on the LPS-induced activation of p38 MAPK and ERK as assessed by phosphorylation-specific antibodies (Fig. 6A) . However, LPS significantly increased the activation of JNK in these cells (Fig. 6A) . As JNK activation by LPS is mediated through the JNK-interacting protein 3 (JIP3) (16), we next investigated the role of JIP3 in the response. We observed a markedly greater association of JNK and JIP3 in the SphK1 Ϫ/Ϫ cells compared with WT (Fig. 6B) . A similar result was obtained in the interaction between JNK and MEKK1 (Fig. 6C) .
To explore further how SphK1 prevented JNK association with JIP3 and MEKK1, we determined the binding interaction of SphK1 to JNK and whether the binding could compete with binding of JNK to JIP3. We observed that LPS indeed increased the interaction between JNK and SphK1 as evident by immunoprecipitation analysis using either anti-SphK1 or anti-JNK antibody (Fig. 6D) . In addition, SphK1 was bound directly to JNK as assessed by protein interaction in vitro (Fig. 6E) . Thus, SphK1 interacts with JNK and thereby prevents JNK associated with JIP3 and abrogates JNK activation.
Inhibition of JNK Activation Suppresses LPS-induced Neutrophil-Endothelial Interaction in SphK
Ϫ/Ϫ Mice-We next determined whether the increased JNK activation was responsible for the greater neutrophil binding to endothelial cells and lung neutrophil sequestration. Here, we assessed lung neutrophil sequestration and neutrophil adhesion in SphK1 Ϫ/Ϫ mice in the presence of the JNK inhibitor SP600125. SP600125 significantly reduced LPS-induced lung neutrophil sequestration seen in SphK1 Ϫ/Ϫ mice (Fig. 7A) , whereas the ERK inhibitor, U0126, had no significant effect (Fig. 7A) . Similar results were obtained with neutrophil adhesion to endothelial cells, i.e. the JNK inhibitor, SP600125, but not the ERK inhibitor reduced neutrophil adhesion to SphK1 Ϫ/Ϫ MLVEC (Fig. 7B ). These data demonstrate that the augmented activation of JNK in SphK1 Ϫ/Ϫ mice mediates the greater lung neutrophil sequestration and oxidant production induced by LPS.
JNK Activation Signals NADPH Oxidase-Because we observed that LPS-induced oxidant production was greater in WT neutrophils adherent to SphK1 Ϫ/Ϫ endothelial cells compared with WT neutrophils adherent to WT endothelial cells (Fig. 3D) and inhibition of JNK activation suppressed LPS-induced increased neutrophil-endothelium interaction in SphK Ϫ/Ϫ mice, we addressed whether the greater production of ROS was mediated through enhanced activation of JNK in SphK Ϫ/Ϫ mice. As shown in Fig. 7C , SP600125 (JNK inhibitor) significantly reduced LPS-induced oxidant production by neutrophils adherent to SphK1 Ϫ/Ϫ MLVEC, whereas the ERK inhibitor, U0126, had little effect (Fig. 7C) . Thus, the increased activation of JNK in SphK1 Ϫ/Ϫ mice mediates the augmented oxidant production induced by LPS. We followed up by determining the mechanism of the increased ROS production mediated by the JNK activation. LPS stimulated ROS production in neutrophils in a dose-dependent manner (Fig. 7D) , and diphenyleneiodonium (inhibitor of NADPH oxidase) prevented ROS release from in both WT and SphK1 Ϫ/Ϫ neutrophils in a dose-dependent manner (Fig. 7,  D-F) , indicating increased ROS release was mediated by the activation of NADPH oxidase. NADPH oxidase is composed of membranebound gp91
Phox and p22 Phox subunits as well as cytosolic subunits p47
Phox , p67
Phox , and monomeric GTPase Rac (4). NADPH oxidase activation involves the translocation of cytosolic oxidase components (p47 Phox , p67
Phox , and Rac) to the plasma membrane and phosphorylation of p47
Phox (4) . We found that phosphorylation of p47
Phox was increased in SphK1 Ϫ/Ϫ neutrophils (Fig. 8A) , and the formation of p47
Phox with p22 Phox complex and of p47 Phox with gp91
Phox complex was also increased in SphK1 Ϫ/Ϫ lungs in response to LPS relative to controls (Fig. 8, A and B) . These findings show that JNK regulates NADPH oxidase activation through the phosphorylation of p47
Phox and membrane translocation of p47
Phox . Importantly, the expression of the redoxsensitive pro-inflammatory transcription factor NF-B, downstream of NADPH oxidase activation, was also up-regulated in SphK1 Ϫ/Ϫ cells, whereas its negative regulator, IB␣, was down-regulated as compared with WT (Fig. 8, C and D) .
DISCUSSION
Our results have identified a novel kinase-independent pathway by which SphK1 modulates LPS-induced inflammation and injury. We showed SphK1 prevents LPS-induced lung Upon LPS stimulation, JIP3 is known to be recruited to toll-like receptor 4 (TLR4) and recruits MEKK1, which facilitates the activation of JNK. In addition, SphK1 may also be recruited to the membrane after LPS stimulation where it binds TRAF6 (9, 36) . TRAF6 was shown to be associated with TLR4 through MyD88 and interleukin 1 receptor-associated kinase (37) . Thus, recruitment of both JNK and SphK1 to the TLR4 complex after LPS stimulation raises the possibility, which we addressed here, that SphK1 functions to suppress JNK activation. We observed that the heightened LPS-induced interaction between SphK1 and JNK neutralizes the inflammatory activity of JNK thus preventing its ability to bind to JIP3.
How are our data consistent with the model described in Fig.  9 ? First, we observed that SphK1 directly interacted with JNK, and this interaction increased on stimulation with LPS. Second, deletion of SphK1 resulted in increased phosphorylation of JNK and increased association of JNK and JIP3 and the activation of JNK signaling. Third, we observed that JNK inhibition significantly reduced the LPS-induced lung neutrophil sequestration seen in the SphK1 Ϫ/Ϫ mice and neutrophil adhesion to SphK1 Ϫ/Ϫ MLVEC. Thus, the mechanism of SphK1 mediated protection against LPS-induced lung inflammation and injury involves SphK1-induced suppression of the interaction of JNK with its activating protein JIP3, which block the JNK signaling cascade.
Interestingly, the deletion of SphK1 also resulted in increased activation of NADPH oxidase. These results demonstrate that NADPH oxidase activation occurs downstream of JNK activation. In this context, NADPH oxidase-mediated production of ROS could serve as a positive feedback augmenting the JNK activation and amplifying the inflammation cascade (38 -40) . Although it is not clear how JNK regulates NADPH oxidase activation (41, 42) , our results clearly show that down-regulation of NADPH oxidase activity occurred secondary to the reduced JNK activation. Hence, the ability of SphK1 to sequester JNK and block NADPH oxidase activation plays a pivotal role in dampening LPS-induced inflammation and injury. Phox and immunoblotting (IB) with antibodies against phosphoserine, p22 Phox , and p47 Phox . The activations of p47
Phox and its associations with p22 Phox were augmented in neutrophil from SphK1 Ϫ/Ϫ mice. B, immunoprecipitation of gp91
Phox and p47 Phox and immunoblotting with antibodies against p47 Phox and gp91 Phox . There are LPS stimulation-dependent associations of gp91
Phox with p47 Phox in lung from SphK1 Ϫ/Ϫ mice. C, augmented LPS-induced NF-B activation in neutrophils from SphK1 Ϫ/Ϫ mice. Neutrophils were stimulated with LPS for the indicated times. Nuclear extracts from neutrophils were used for EMSA analysis. D, augmented LPS-induced IB-␣ degradation in lungs and neutrophils from SphK1 Ϫ/Ϫ mice. The expression of IB-␣ was determined by Western blotting. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression is shown as control. The two forms of sphingosine kinases (SphKs), SphK1 and SphK2, have received considerable attention because of their poorly understood functions that are distinct from their catalytic function needed for the production of S1P (43) (44) (45) (46) . Although SphKs may play a role in mediating inflammation seen in asthma (43) (44) (45) (46) (47) , SphK1 also has a protective function in LPS-and platelet-activating factor-induced lung inflammation (35, 48, 49) . This function may be independent of the S1P production. Studies have demonstrated that plasma S1P generation can decrease the basal endothelial permeability and mitigate the increase in permeability in response to mediators such as platelet-activating factor (49) . The present data show that SphK1-mediated prevention of inflammation and injury induced by LPS is independent of S1P production because SIP production did not increase as would be expected if S1P is to play a crucial anti-inflammatory role in the present studies. Instead, the interaction of SphK1 with JNK was crucial in the inhibition of JNK activation and thereby in preventing the activation of NADPH oxidase and LPS-induced lung inflammatory injury.
The JNK 3 NADPH oxidase signaling pathway has been linked to activation of transcription factor NF-B and de novo synthesis of adhesion molecules and chemokines (50 -52) . The activation of this pathway is consistent with our observation of increased expression of ICAM-1 and chemokines MIP-1 and MIP-2 in the SphK1 Ϫ/Ϫ mice. Thus, the present findings have uncovered the potentially important immunomodulatory role of SphK1 that is independent of its catalytic activity. We showed that SphK1-mediated sequestration of JNK could serve as a therapeutic target for the prevention of LPS-induced lung inflammatory injury.
